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1. INTRODUCTION 

Recently, specifications like as low output voltage, intense power density, quick transient response 
and high output current have been becoming very significant for the telecommunication power supplies. To 
achieve the mentioned items, different types of circuit structures are presented [1], [2]. The flyback converter 
are widely used for low-voltage applications because of low number of elements, simple operation, isolation 
between input and output [3]. For increasing power density, decreasing input current ripple and providing 
other advantages such as power distribution, and reduced size of the magnetic elements, the interleaved 
structure is introduced. However, the conventional interleaved flyback converter has some disadvantages like 
as high switching losses and low power density. When the switching frequency increases, therefore it causes 
to reduction volume of the converter [4]. When the switching frequency increases, subsequently it causes 
difficulties like as switching losses as well as electromagnetic interferences (EMI) for the converter. To 
eliminate the mentioned difficulties, soft switching methods like new zero voltage transition (ZVT) and zero 
current transition (ZCT) are used [5]-[9]. 

The ZVT techniques are more appropriate because of capacitive turn-on losses of MOSFET in ZCT 
techniques [10]-[12]. In order to converter eliminates switching losses it can be switched softly and DC-DC 
converters use at too high switching frequency until the volume of the converter reduces [13]-[18]. In [19], 
the suggested zero voltage switching (ZVS) pulse width modulation (PWM) interleaved flyback converter 
has many benefits like as uncomplicated control circuit, high output current, high efficiency and low cost. 
But the leakage inductance in the auxiliary circuit can resonate and increase the diodes voltage stress. In [20], 
the ZVS condition is achieved in interleaved flyback converter and reverse-recovery losses in the rectifier 
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diodes are reduced, but the switch voltage is higher than 2Vin. A zero-voltage interleaved buck converter is 
offered in [21] in which there is an active switch in its auxiliary circuit structure. In suggested converter, each 
the semiconductor devices achieve soft switching operation but the converter has numerous auxiliary 
elements and the auxiliary switch has high voltage and current stresses. With two transformers in a ZVS 
interleaved flyback converter, the over-size problem of the transformer is eliminated and the converter 
efficiency is prospered. The major demerit of this converter is the dependency of soft switching condition to 
the load. In such a way that ZVS condition in light load is eliminated [22]. 

A new interleaved half-bridge flyback converter with ZCT technique in [23] is presented and the 
efficiency prospered and also the switching-off losses reduced. Parameter variations lead to a power 
imbalance problem in the proposed ZCS interleaved converter. A ZVS parallel interleaved current-double 
converter which reduces the current stress and the current ripple is recommended in [24]. Furthermore, on 
account of the coupling of the output inductors, the number of the output inductors and the output current 
ripple are decreased. Many numbers of magnetizing components, high conduction losses and duty cycle 
losses are the disadvantages of the converter. Types of non-isolated converters like as boost, buck, and buck— 
boost are illustrated in [25], [26] in which a conventional auxiliary circuit has applied. The ZVT auxiliary 
circuit only uses an auxiliary switch which creates soft switching conditions for two main switches of 
interleaved structure. The most important problem in the suggested circuit [25] is the intense voltage stress in 
its auxiliary switch, which increases the RDS (on) of the auxiliary switch and as a result increases its 
conduction losses and converter [26] problems are that the number of auxiliary circuit components is 
numerous and the voltage stress on the auxiliary switch is measured also intensive. 

In this study, a new auxiliary circuit for an interleaved flyback converter has presented so that it can 
be extended to more parallel branches and because of the low number of elements, soft switching of elements 
and low circulating current of the auxiliary circuit, this circuit does not inflict considerable losses on the 
converter. Since all converter diodes also turn off under ZCS conditions, there is no problem of reverse 
recovery in this converter. For this reason, the efficiency compared to previous converters has increased 
significantly. In part 2, the ZVT interleaved flyback converter operating analysis is provided. Design 
technique of the converter is proposed in part 3 and the control circuit of this converter is proposed in part 4. 
Experimental results of the suggested proposed ZVT interleaved flyback converter have exhibited in part 5. 
Part 6 compares the efficiency of the ZVT interleaved flyback converter with a conventional interleaved 
flyback converter. 


2. CIRCUIT DESCRIPTION AND OPERATION 
2.1. Circuit structure 

The introduced converter has exhibited in Figure 1 which is composed of the main switches M; and 
Mb, the output diodes D,; and Do2, output filter capacitor Co, two isolating transformers which consist of 
primary windings Lp; and Lp2, leakage inductances Ly; and Lr, and secondary windings Ls; and Ls2. The 
auxiliary circuit has an auxiliary switch M,, auxiliary inductor La, auxiliary diodes D, and Dp, and auxiliary 
winding L, coupled to the main winding, a capacitor Cp, snubber diodes Ds; and D,2, and snubber capacitor Cs. 
The first isolating transformer includes the primary winding L,;, the secondary winding Ls; and the auxiliary 
winding Lp. The second isolating transformer includes the primary winding L,2 and the secondary winding L,2. 
The turn ratio of Ls)/Lp; is nsi/np=n and the turn ratio of Ls2/Lp2 is Ns2/np2=n. 
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Figure 1. The suggested ZVT Interleaved flyback converter 
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2.2. Operating of the suggested converter 

The checking of the suggested converter can be simplified, therefore the following assumptions have 
presented: i) All elements design ideal; ii) The capacitor C, has a large value, in order that the output voltage 
can be fixed; iii) The Capacitor C, has a large value, in order that its voltage can be fixed and identical to Vis; 
and iv) Magnetizing inductances Lm; and Lm2 are same and large, thus the current zm is considered fixed: 
Lint =Lm2=Lnm. 

To evaluate the suggested converter, the first 9 intervals of the converter are fully analyzed. The 
equivalent circuit of each of the 9 intervals has exhibited in Figure 2. Figure 3 indicates the key waveforms of 
the operating intervals. Before the interval 1: It can be presumed that the main switches M; and M2 are off and 
diodes D,;, Do2 and Dp are on and transmit current, and so the snubber capacitor voltage Vcs is identical to 
Vint V/n and the capacitor voltage Vcpis identical to mVo. 
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Figure 2. Equivalent circuit of the operation intervals: (a) Interval 1[¢,-t;], (b) Interval 2[t;-t2], 
(c) Interval 3[t2-t3], (d) Interval 4[t3-t4], (e) Interval 5[t4-ts], (£) Interval 6[ts-t6], (g) Interval 7[t6-t7], 
(h) Interval 8[t7-ts], and (i) Interval 9[ts-to] 
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Interval 1 [f,-t;]: At the beginning, the auxiliary switch Ma turns on under ZCS condition, because an 
auxiliary inductor La with the auxiliary switch M, are in series. Because of the output diodes Do; and D,2 
conduct, the constant voltage mV,+V./n is placed across Ly; and La and also across Ly2 and La. Therefore, the 
snubber circuit diodes Ds; and D,2 start to conduct and the auxiliary switch current Ima increases linearly. Since 
the values of Ly; and Lp are small, in this interval snubber capacitor voltage Vc; has considered constant and 
identical to Vi,+V./n, therefore the auxiliary switch current Zma is calculated from (1). 
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Imal = = = to) a) 
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= — = — 2 
n iji ie (2) 


Lp 
m= |> 3 
dia (3) 
By increasing the auxiliary switch current Jia, current in output diodes Do; and Do2 is reduced and when the 


auxiliary switch current [ya achieves Izmj+ Ipm2, the output diodes Do; and Do2 turn off with ZCS and current 
mode finishes. Duration of this mode is: 
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Figure 3. Key waveforms of the suggested ZVT interleaved flyback converter 


Interval 2 [t)-t2]: The output diodes D»; and Do2 turn off under ZCS condition as soon as the interval 
starts and then the snubber capacitor C, begins to resonate with La and its energy has transferred to capacitor Cp. 
Important equations of this interval are: 


Vo(m+=) f 
Ima(t) = —z, Sin(wolt ~ tı)) + 2lim (5) 


A new zero voltage transition interleaved flyback converter (Zahra Peiravan) 


1030 O ISSN: 2088-8694 


Ves(t) = Vo (m ++) cos(w, (t — t4)) + Vin — MV) © 
where: 
La 
o= fH (7) 
Wo ats ( ) 


Because the anode voltage of Dp is less than (Vin+V./n)/2, the resonance stops after half a cycle and at the finale 
of this interval the capacitor C, has fully discharged and this mode ends. Then, the duration of current interval 
can be derived: 


At, = tz — t1 = T4 Lals (9) 


Interval 3 [t2-t3]: With complete discharge of C;, the body diodes of the main switches M; and M2 (Dp; 
and D2) start to conduct under ZV. Therefore, the constant voltage Vj,-mV, is reversed across the auxiliary 
inductor La and the auxiliary switch current Iva reduces linearly. The main switch M; can turn on with zero- 
voltage. This interval ends by turning the body diodes of the main switches M; and M2 (Dy; and D»2) off. 
Whenever the auxiliary inductor current Ira is identical to Iim+Jim2, the body diodes of the main switches M; 
and M2 (Dp; and Dp) have turned off. The following (10)-(11) obtain the auxiliary switch current Ima and the 
duration of this interval: 


Vin-MVo 
Ima(t) = Ima(tz) — ied (t — t2) (10) 
At; = ts — tz = 72ra (11) 


Interval 4 [¢3-t4]: Current transmission from the body diode of the main switch M; to the main switch 
M; occurs and increases linearly with the same slope and the body diodes of the main switches M; and M2 (Dp; 
and D»2) turn off with ZCS. While the current of the main switch M; achieves Izn, finally the snubber diode Ds; 
turns off with ZCS. The main switch current Jy; and the time of this interval are derived from (12)-(13). 


m(t) = P(t t) (12) 
Itm La 
At, = t4- t; = ae (13) 


Interval 5 [t4-ts]: This interval starts as soon as the snubber diode D,; turns off and the Jz2 current 
charges the capacitor C; linearly. Also, current of the auxiliary switch M, achieves zero and the auxiliary switch 
M turns off under ZVZC condition on account of the presence of capacitor Cs and the auxiliary circuit entirely 
exits from the converter. Also the current of the main switch M; is fixed and identical to Zzmı. 

Interval 6 [ts-ts]: In this mode, while the C, capacitor voltage achieves to Vj,+V/n, the snubber diode 
Ds turns off and the diode Do2 conducts, and the magnetizing inductance Lmz starts discharging to the the 
output. Interval 7 [t6-t7]: Interval 7 occurs simultaneously as the main switch M; is turned off, and the 
magnetizing inductance Lm; charges the snubber capacitor C, and the output diode Do; has also turned on under 
ZCS condition. The equation of duration is expressed as: 


Ibm 

Ves(t) = Z (E — ts) + Vin — mV) (14) 
Vo(m+=)Cs 

At, = ts —ts [2 i (15) 


Interval 8 [t7-ts]: The auxiliary diode D, turning on occurs at the beginning of this interval. Because 
both of the main switches M; and M2 are off, the magnetizing inductances are discharged to the output. In this 
mode, the resonance occurs between the leakage inductance of the transformer Lx; and the snubber capacitor C, 
and the voltage of the main switch M; is increased resonating. This interval ends with the complete discharge of 
the leakage inductance Lx. Finally, the main switch voltage (Vw) and transformer leakage inductance current 
(Irkı) expressions for this interval are as follows: 
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Vult) = Vin + Vo/N + Zylim sin(@,(t — te)) (16) 
z= |e (17) 
Iii) = Im cos (w(t — te)) (18) 
Where: 
zai 19 
w Z JLk1Cs ( ) 
Duration of this interval is: 
At, = tz — tę =1/2J1L4,C, (20) 


Interval 9 [ts-to]: by fully discharging the energy of the transformer leakage inductance Ly and turning 
snubber circuit diode D,; off under ZCS condition, this interval begins and therefore voltage across the main 
switch M; decreases to a fixed amount and identical to V;,+V./n, and similar to a regular flyback converter in off 
switch mode, both magnetizing inductances are discharged to the output. 


3. DESIGN METHOD 

In this part, the design of the converter is discussed. The converter has prepared for 300V input 
voltage, 40V output voltage, and 180W output power. Switching frequency can be selected at 100kHz. The turn 
ratio of L)/L;; should be selected in such a way that the anode voltage of D, is less than (Vi+V./n)/2. If Ly turns 
is defined as n, and Ls; turns as ns; and Ls2z turns as ns, then: 


Vapp) = Vin — Vep = Vin — MV (21) 


The snubber capacitor C; is selected like a turn-off snubber capacitor according to (22) and (23) [27]. 


Pegg st 
Cs > Csmin = Fy (22) 
= 100l;pmDmMa 
CS a (23) 


It can be presumed that the switch current fall time is indicated by abbreviation ts J, is the switch 
current before the switch is turned off and Vsw is the switch voltage after the switch is turned off. To prove soft 
switching in practice, the snubber capacitor C, should be much greater than Csmin. To prove the snubber 
capacitor C; discharge, the amount of C, should be greater than C;. La is designed like a turn-on snubber. For 
appropriate selection of La, there is a relationship between M, maximum current and Dmax which can be 
indicated by: 


_ 2lLmla _ 
T Vo(m+2) T| Lals 


Dra = en —— (24) 


L, should be much greater than La. The maximum current and voltage of auxiliary switch Ma are obtained as 
follows: 


Vo(m+=) 
Ima max = Zo + Tim (25) 
1 La 
Vma max = vW% (m + z) + [Etim (26) 


4. CONTROL CIRCUIT 

The closed loop system digital control circuit of the suggested converter is exhibited in Figure 4. 
A SPARTAN-6 FPGA is selected as the PI digital controller hardware. The output voltage feedback is directed 
to the analog-to-digital converter (ADC), and then the output of the ADC converter is appraised with the 
reference voltage (V,e). The error voltage (Verror) is directed to the PI digital controller which produces the 
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necessary control signal. Then this signal is entered to the digital pulse width modulation (DPWM) generator to 
create the switching gate signals necessary for the three converter switches. 
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Figure 4. The suggested interleaved flyback converter with implemented digital control circuit 


5. EXPERIMENTAL RESULTS 

A new ZVT interleaved flyback converter has demonstrated. The picture of the tested converter has 
exhibited in Figure 5. The design values and components of the converter are exhibited in Table 1. In the 
Figure 6(a), gating signals waveforms of main switches and auxiliary switch is displayed. The ZV conditions for 
the main switches are illustrated in Figures 6(b) and 6(c). At the turn on instant of the main switches, their 
currents are negative and the body diodes are conducting, therefore the main switches can turn on under ZV. 
The ZCS condition for the auxiliary switch is illustrated in Figure 6(d). The auxiliary switch current increases 
with the slope, thus the auxiliary switch can turn on with ZCS. The auxiliary switch current decreases with the 
slope and also the voltage has identical value to zero, therefore the auxiliary switch can turn off with ZVZCS 
technique. The output diodes are also soft switched as shown in Figures 6(e) and 6(f). The output diodes can 
turn on and off with ZCS. The operation of this converter is justified by the experimental results. 


Figure 5. Picture of the implemented ZVT interleaved flyback converter 


Table 1. Design values and components of the suggested converter 


Parameter Value Parameter Value 
Output power (P,) 180W Leakage inductances (Ly; and Ly) 4 uH 
Input voltage (Vin) 300V Auxiliary inductor (L4) SuH 
Output voltage (V,) 40V Output filter capacitor (C,) 100uF 
Main switches switching frequency (fw) 100kHz Filter capacitor (C+) 10uF 
Load resistance (R,) 10Q Snubber capacitor (C;) 2.7 nF 
MOSFET power switches (M) IRFP460B Turn ratio (n) 0.4 
Power diodes MUR860 Turn ratio (m) 4 
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Figure 6. Experimental waveforms: (a) The measured gaiting signals of the switches M; (top), M2 (middle), 
Ma (bottom) (voltage: 10 V/div; time: 2.5 us/div), (b) The measured current (top) and voltage (bottom) of the 
main switch M; (voltage: 200 V/div; current: 2 A/div; time: 1 us/div), (c) The measured current (top) and 
voltage (bottom) of the main switch M2 (voltage: 400 V/div; current: 2 A/div; time:1 ys/div), (d) The 
measured current (top) and voltage (bottom) of the auxiliary switch M, (voltage: 400 V/div; current: 

4 A/div; time: 1 us/div), (e) The measured current (top) and voltage (bottom) of the diode D»; (voltage: 

80 V/div; current: 2 A/div; time:1 us/div), and (f) The measured current (top) and voltage(bottom) of the diode 
Doz (voltage: 100 V/div; current:5 A/div; time:1 us/div) 
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6. EFFICIENCY 

Figure 7 shows the suggested ZVT interleaved flyback converter efficiency diagram and as well as the 
hard switching interleaved converter efficiency diagram. According to Figure 7, both efficiencies are designed 
for 180 W. The efficiency has measured at 5 various loads and when compared to the hard switching interleaved 
converter, the efficiency has increased by 7.7%. In Table 2, the losses of the suggested ZVT interleaved flyback 
converter with a hard switching interleaved flyback sample have compared. In the presented Table, the rise and 
fall times of the converter switches currents are indicated by abbreviations t, and ts respectively. Also, t,, can be 
considered as reverse recovery time of the diodes. In addition, Cow can define as the switches output 
capacitance, Ras is supposed equivalent to the switches on state resistance, Jaye can be considered as an average 
current of output and auxiliary diodes, Vr can also be considered as a forward voltage of diodes, and fsw is 
switching frequency. Furthermore, all semiconductor elements can turn on and off with soft switching 
technique, accordingly switching losses have significantly declined. 
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Figure 7. Evaluated efficiency of the suggested ZVT interleaved flyback converter versus conventional hard 
switching interleaved flyback converter 


Table 2. Calculation of losses in hard switching interleaved flyback converter and the suggested ZVT 
interleaved flyback converter 


Kinds of loss Formula Hard switching interleaved flyback Suggested 
converter converter 

Switching loss in M; 1/2 Voi Lows fol tet ter) 1/2x400x2.1x40x 10? (31+56+437)x10® NA 
Parasitic capacitance loss in M; I2 Cou Vow few 1/2x 131 x10 !x400?x40x10? N.A 
Conduction loss in M; Ras Prus-mi 0.25x(1.65)? 0.25x(1.6)* 
Switching loss in M2 1/2 Vowa Lsw2 fowl tet tt tr) 1/2x400x2.1x40x 103(31+56+437)x 10° N.A 
Parasitic capacitance loss in M2 I Cour Va fw 1/2X 131 x10°x400°x 40x 10° N.A 
Conduction loss in M2 Ras P-eus-m2 0.25x(1.5)? 0.25x(1.12)? 
Switching loss in Ma 1/2 Vowa Lowa fowltrt tet tir) L N.A 
Parasitic capacitance loss in Ma 122 Cyn Vae Sow L N.A 
Conduction loss in Ma Ral rusda 2 0.25x(2.6)" 
Conduction loss in diode D»; Vr Tave-Dol 1.5 x23 1.5 x0.8 
Conduction loss in diode D,2 Vr Lave-Do2 1.5 x2.3 1.5 X 3.4 
Conduction loss in diode D,; Vr Lave-Dst = 1.5 x0.4 
Conduction loss in diode D,2 Vr Tave-Ds2 _ 1.5 x0.3 
Conduction loss in diode D, Vr Lavg-Da _ 1.5 x 0.8 
Conduction loss in diode D, Vr Lavg-Db = 15x11 
Conduction losses of magnetizing Runt P tmi 23.68x 10°x (0.6) 23.68 102x (0.8) 
inductance Lyn) 
Conduction losses of magnetizing Rum F im 23.68x 10°x(0.6)" 23.68x 10°x (0.66) 
inductance L2 
Total loss 26.59 W 12.71 W 


7. CONCLUSION 

This paper presents a new interleaved flyback converter with a modular auxiliary circuit to produce 
soft switching conditions for all semiconductor devices. The main switches of the converter operate under ZVT 
and the auxiliary switch turns off under ZVZC conditions. On the other hand, the input current ripple of the 
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converter is much less than the regular flyback converter due to its interleaved structure. Because of the a few 
numbers of components, and low circulating current in the auxiliary circuit, this circuit does not inflict 
considerable losses on the converter. The practical results of the suggested converter exhibit a 7.7% increment 
in efficiency at full load versus the hard switching counterpart. 
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